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ABSTRACT 
An experimental investigation was performed with two series (115 and 
215) of 75 mm bore ball bearings using hollow. balls as the rolling elements. 
The bearings were tested at 500 and 1000 pounds thrust loads at shaft speeds 
up to 24000 rpm. 
balls showed very little difference in torque, outer-race temperature, 
or rolling-element fatigue life when compared to similar data for a solid 
The 115 series bearings with 1/2-inch SAE 52100 steel 
cu 
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ball bearing. 
balls showed only slight differences in torque and outer-race temperature, 
The 215 series bearings with 11/16-inch AIS1 M-50 steel 
but a very significant decrease in rolling-element fatigue life compared 
to a solid ball bearing. The balls failed in flexure fatigue, due to a 
stress concentration in the weld area. 
Proposed paper for the ASME Spring Lubrication Symposium,'Detroit, Michigan 
May 25-27, 1970. 
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EWKUA!TION OF ELECTRON-BW WELDED HOLLOW BALLS 
FOR HIGH-SPEED BALL W N G S  
by Harold H. Coe, Richard J. Parker 
and Herbert We Scibbe 
IMTRODUCTION 
Recent developments i n  gas turbine engines--such as advanced compressor 
design, high temperature materials, and improved power output--have resul ted 
i n  la rger  shaf t  diameters and higher main shaft bearing speeds 
Bearings i n  current production a i r c r a f t  turbine engines operate i n  tine 
range from 1.5 t o  2 mill ion DN (bearing bore i n  mm t i m e s  shaft  speed i n  
rpm). 
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w Y Engine designers an t ic ipa te  t h a t ,  during t h e  next decade, turbine 
bearing DN values w i l l  have t o  increase t o  the range of 2.5 t o  3 million. 
It i s  speculated t h a t  a f t e r  1980, turbine engine developments may require 
bearing DN values as high as 4 million. 
When ball bearings are operated at  DN values above 1.5 million, high 
centr i fugal  forces are produced by t h e  ba l l s .  These high centrifugal 
forces result i n  high Hertz stresses at  the  outer-race b a l l  contacts and 
thus seriously a f f ec t  bearing l i f e  1. 
Operation a t  higher DN values a l s o  results i n  higher heat generation. 
Excessive heat generation can r e s u l t  from ba l l  skidding [3] o r  b a l l  spinning 
. The heat generated within t h e  bearing must be removed, o r  a loss  i n  
Refinements i n  
l 
operating clearance w i l l  occur and the  bearing w i l l  f a i l .  
bearing in te rna l  geometry--such as using smaller diameter ba l l s ,  l a rge r  
diametral clearances, o r  more open race curvatures--can effect ively reduce 
'Numbers i n  brackets designate references a t  end of paper. 
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heat generation and/or centrifugal force e The degree of improvement is 
limited, however, since the geometrical changes that reduce heat generation 
will generally reduce fatigue life 
Another possible solution to problems caused by ball centrifugal force 
or excessive heat generation is the use of hollow balls in the bearing. 
Obviously, removal of a large percentage of the mass from the ball will 
reduce the centrifugal force. In , an analysis was made that predicted 
some advantages of hollow balls over solid balls in a high speed thrust 
bearing. The analysis showed that, at a 3 million DN value, using hollow 
balls with an outer-to-inner-diameter ratio of 1.25 (51 percent weight 
reduction), reduced the ball spin-to-roll ratio as much as 25 percent. 
( B a l l  spin-to-roll ratio is a measure of the total rolling contact torque. 
The lower this ratio, the lower will be the bearing ball-spin torque and 
thus the heat generation). 
The feasibility of fabricating hollow balls by electron-beam welding 
of two hemispherically formed shells has been adequately demonstrated [7J 
and .. In order to evaluate the performance of hollow balls in rolling- 
element fatigue tests and full-scale bearing tests the research reported 
herein was undertaken. 
and 
These data and analysis are a lso  reported in 9 C J  
L d  
The objectives' of the present investigation were (1) to detezqine 
experimentally the operating characteristics of a full-scale bearing using 
hollow. balls as the rolling elements, (2) to compare the torque and outer- 
race temperature data of the bearing with the hollow balls to data of a 
similar Gearing with solid balls and ( 3 )  to determine the rolling-element 
fatigue lives of the hollow balls relative to the lives of solid balls. 
tl 
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Tests were conducted with two series (115 and 215 se r i e s )  of 75 111111- 
bore deep-groove b a l l  bearings using both hollow and so l id  balls. 
bearings were operated a t  500 and 1000 pound th rus t  loads and a t  speeds up 
t o  24000 rpm (1.8 x 10 
ba l l s  f o r  the  115 series bearings were 1/2-inch diameter wi th  a O.&OO-inch 
w a l l  thickness (a weight reduction of 21.7 percent from t h a t  of t he  s o l i d  
The 
6 DN) using air-oi l -mist  lubricat ion.  The hollow 
balls). 
wi th  a 0.060-inch w a l l  thickness ( a  weight reduction of 56.5 percent from 
t h a t  of t h e  so l id  balls). 
The hollow balls f o r  t h e  215 se r i e s  dearings were 11/16-inch diameter 
Rolling-element fa t igue  tests were run i n  t h e  f ive-ba l l  fa t igue tester 
w i t h  both the 1/2-inch and the  11/16-inch diameter hollow balls as upper 
balls. The r e su l t s  were compared with so l id  balls tested under iden t i ca l  
o r  adjusted conditions. 
APPARATUS 
Bearing Tes t  Rig 
A cutaway view of the  bearing test apparatus i s  shown i n  f igure  1. 
A variable-speed, d i r ec t  current motor drives the  t es t  bearing s h a f t  through 
a gear speed increaser.  The r a t i o  of t h e  test shaft speed t o  t h e  motor 
shaft speed was 14 t o  1. 
The test shaf t  was supported and cantilevered a t  t h e  drivenLend by 
two o i l - j e t  lubricated b a l l  bearings. The tes t  bearing was thrus t  loaded 
by a. pneumatic cylinder through an externally pressurized gas th rus t  bearing. 
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Bearing torque was measured with an unbonded strain gage force trans- 
ducer, connected to the periphery of the test bearing housing, as shown in ' 
figure 1. This torque was recorded continuously by a millivolt potentio- 
meter. The estimated accuracy of the data.recording system was - 4.05 lb-in. 
Bearing outer-race temperature was measured with two iron-constantan 
thermocouples located as shown in figure 1. The estimated accuracy of the 
temperature measuring system was about 22" F. 
The test bearing was lubricated by an air-oil mist. The oil flow 
rates ranged from 0.01 to 0.07 pounds per minute. The lubricant used in 
this investigation was a super-refined naphthenic mineral oil with a 
viscosity of 75 centistokes at looo F. 
Five-Ball Fatigue Tester 
The NASA five-ball fatigue tester was used for the hollow %all fatigue 
The apparatus, shown in figure 2, is described in detail in [l]. tests. 
This fatigue tester consists essentially of an upper test ball pyramided 
upon four lower support balls that are positioned by a separator and are 
free to rotate in an angular contact raceway. Load is applied to the upper 
test ball through a vertical shaft that drives the ball assembly. 
Test Bearings and'Hollow Balls 
The test bearing specifications are listed in table 1. Two series 
(115 and 215) of 75 mm bore, deep-groove ball bearings were used with both 
solid and hollow balls. 
balls and the 215 series used 11/16-in.ch diameter balls. 
The 115 series bearings used 1/2-inch diameter 
A photograph of 
the test bearings is shown in figure 3 .  
.. . , . . - 
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w a l l  tkickne,ss of 0.100 inches. 
er (OD/ID) was 1.67 and t h e  weight 
s o l i d  bal l .  The hollow 1/2-inch 
e from SAE 52L00 cons le .  electrode, vacuum melt (CVM), steel  
with a no hardness of Rockwell C 65. 
The 11/16-inch diameter hollow balls had a w a l l  thickness of 0.060 
This is an OD/ID ratio of 1.21 with a weight reduction of 56.5 inches, 
percent from t h a t  of a so l id  bal l .  
cated from MSI 69150 CVM ste 1 with  a nominal Rockwell C hardness OP 63.5. 
The l l / l6- inch hollow ba l l s  were fabri- 
A chemical analysis of the  materials from which both s i ze  hollow balls 
were made is given i n  table 2, The heat treatment schedule f o r  both materials 
18 n i n  table 3. 
PROCEDURE 
Bearing Tests 
Each test bearing was .run-in.for one hour with a 250 pound th rus t  load, 
shast speed of 6OOO rpm, and an air-oil mist flow rate of 'about 0.010 
nute. Mte? run-in, the th rus t  load was set  at  500 pounds, 
t he  alr-oil mist flow increasad t o  0.037 pounds per minute and the  
I i acreaeedto10 000 rpm. Each bearing w a s  operated a t  t h i s  
t i on  u n t i l  Lcmpanrture equilibrium was achieved. Equilibrium 
\ 
when the bearing outer-race temperature 
an 1' F over a ten minute in te rva l .  
CF t h e  i n i t i a l  point wa8 taken, the shaft speed was taken, 
t o  2000 rpm increments whi le  the load was peed was i n c s  
intainsdl conet nt flow rate was.increased with the shaft 
6 
speed a8 shown in t ted minimum oil-flow rates shown in 
table 4 were determined by the technique described in 
temperature and bearing torque were recorded for each shaft speed. Data 
points were taken until either the bearing lost clearance, or outer-race 
temperature equilibrium could not be attained. 
21. Outer-race' 
For the 1000 pound thrust 
load tests, the thrust load was Increased after the initial data point at 
10 000 rpm, and the procedure repeated. 
Fatigue Tests 
The fatigue tests were conducted in the five ball fatigue tester 
running at 10 600 rpm. 
150" F with no heat added. 
The outer race temperature stabilized at 145 to 
The lubricant was the same super-refined 
naphthenic mineral oil used in the bearing tests. The tests were run 
continuously until failure of either an upper test ball or a'lower ball 
occurred or until a preset cutoff time. 
One-half-inch- diameter hollow balls. Both hollow and solid 1/2- 
inch diameter balls from one heat of SAE 52100 CVM steel were tested at 
.w I '..+ 
a maximum Hertz stress of 800 OOO psi and a contact angle of 20' (indicated 
by p in figure 2 (b) ). 
with a nominal Rockwell C hardness of 63. 
Lower balls were 1/2-inch diameter SAE 52100 balls 
Eleven-sixteenths-inch diameter hollow bal l s .  The 11/16-fnch diameter 
-50 CVM hollow balls were run at a maximum Hertz stress of 700 000 psi. 
Lower balls were l/2-inch diameter solid AIS1 M-50 with a nominal Rockwell C 
hardness of 64, 
racew&y was 34.5' (figure 2 (b)). 
The contact angle /of this configuration using a modified 
a 
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s w  enabled, cleaned and inspected ' 
igue te'sts, the hollow b Is were cleaned and examined, 
b were electropolished t o  dete  in@ the locat ion of t h e  weld, the 
or ientat ion of the weld r e l a t ive  t o  the  b a l l  t rack,  and the proximity of the 
f e 1 t o  the weld are 
1s were sectioned through and parallel t o  the track. The 
were polished d photomicrographs were taken. 
ZK'SF AM) DISCUSSION 
Bearing Tests 
Two series (115 and 215) of 75 mm bore B a l l  bearings were tes ted  
with s o l i d  and hollow ro l l i ng  elements t o  determine t h e i r  operating 
c t e r i s t i c s .  The results of tests with the 115 s i z e  bearings a re  
i n  f igure 5. ere is  very l i t t l e  difference i n  e i the r  the outer- 
4 (a)) o r  the  t o t a l  bearing torque (f igure 4 (b) )  
with the so l id  balls and the bearing wi th  t h e  hollow 
e of shaf t  speeds investigated. 
results of tests with the 215 s i z e  bearings a re  shown i n  f igure  5. 
-race temperature (figure 5(a)) and bearing torque 
n s t  speed show a t  the hollow bal l  bearings had s l i g h t l y  
1 bearing for the  range of s h a f t  speeds 
8 
Bearing Post-Test Inspection 
Visual inspection of the 115 series bearings showed that the balls,. 
races and retainers were in very good conditions, with no apparent wear or 
Inspection of the 215 series bearings, however, showed extensive damage 
to the hollow bal l s .  A photograph of several typically damaged balls is 
shown in. figure 6. 
to complete fracture (figure 6 (a)). 
track. 
The ball d e ranged from spaUing (figure 6 (a)) 
The spalls were all on the running 
The ball in figure 6 (b) fractured into tGo halves at the'weld. 
Tne weld was perpendicular to the track and a spall was right at the 
weld, 
One ball from bearing 215-1-H had 14 spalls around its circumference; 
upon sectioning this ball, it was determined that the ball track was com- 
pletely on top of the weld, as shown in figure 7. Further examination of 
this ball showed many cracks on the internal surface, across the weld, as 
shown in figure 8, This ball was then sectioned parallel to and through 
the track and the specimen polished. A composite of several photomicro- 
graphs, shown in figure 9, reveals a pattern of cracks from the inside of 
the b a l l  to the outside surface spalls. 
ed were electropolished to determine the Other balls that were d 
orientation of the weld relative to the running track. A l l  of these tracks 
were at angles from 45 to 90" to the weld. 
\ 
Every ball that was sectioned 
parallel to and through the track revealed cracks between the weld area 
and the outside surface, an example of which is shown in figure 10. 
9 
mt raphe whethe; the cracks were 
ropagating inward, or forming at the 
tward through the w a l l ,  resulting in a 
le that did not show surface distress 
sectioned p %el to and through the ball track, In each of these 
le, cracks were reve ed that apparently had originated at the inside 
surface,in the weld area, as shown in figure 11. 
Several observations on the integrity of the weld were made. 
dness measurements mads on a sectioned ball in the weld zone and 
in the parent material showed a variation in Rockwell C hardness of less 
than 2 points. A slight difference in microstructure was also observed, 
but this difference was not considered significant. 
The electron beam weld appeared to be Of good quality and proper 
technique. The bead on the inside surface of the balls, however, was 
variable in thickness around the circumference. There was considerable 
spatter of material on the inside surface of the ball. 
specimens, the well thickness was &lightly less adjacent to the weld 
then in the remainder of the wall. 
of the two hemispherical shells in the welding fixture. 
In some sectioned 
This possibly resulted from misalignment 
- 
Two hollow balls that had not been run were examined by X-ray techniques 
and no cracks were observed. 
bearing but had no apparent surface 
and cracks were observed in all three. 
Three hollow balls that had been\mn in a 
defects were then examined by X-ray, 
- 
8 
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From the  the  hollow ba l l e  
from the 215 s 
s t r e s s  concen region of' the weld. This s t r e s s  concentration 
l y  f a i l e d  i n  flexure due t o  a 
eeg t o  be at  the  notch formed a t  the  edge of the 
Fatigue Tests 
One-half -inch diameter hollow bal l s  a Groups of 1/2-inch diameter 
nd so l id  balls fabricated from one heat of SAFi 52100,CVM steel were 
s upper b a l l  specimens i n  the  f ive-ba l l  fa t igue t e s t e r .  Thesnominal 
1 thickness of these'hollow balls was 0.100 inch (21.7 percent weight 
reduction). 
This f igure is  a p lo t  of the log-log of the reciprocal of the probabili ty 
The r e su l t s  of t he  fat igue t e s t s  are shown i n  f igure 12. 
of survival as a function of the  log of the s t r e s s  cycles t o  f a i l u r e  
(Weibull coordinates). For convenience, the ordinate is graduated i n  
s t a t i s t i c a l  percent of specimens fa i led .  
ba l l s  was 93 million stress cyclea as opposed t o  60 mill ion s t r e s s  cycles 
The 10-percent l i f e  f o r  the sol id  
f o r  t h e  hollow ba l l s .  This difference i n  fa t igue l i f e  was not considered 
su f f i c i en t ly  s ign i f icant  t o  s t a t e  tha t  the  welded hollow b a l l s  were infe-  
r i o r  t o  the conventional so l id  b a l l s .  
_. 
EXinmination of the 27 hollow balls t es ted  revealed t h a t  10 had failed 
O f  these LO f a i l u r e s  by what appeared t o  be c l a s s i ca l  subsurface fa t igue ,  
only one occurred a t  or  near the weld. 
\ 
The probabili ty of a f a i l u r e  occurring i n  the weld, i f  the weld area 
is assumed t o  be of equal fa t igue strength t o  the area outside the  weld, 
is the  r a t i o  of the  length of the running t rack  i n  the  weld t o  the t o t a l  
ck length on the  bal l .  The track length i n  the weld f o r  each hollow ball, 
8 
11 
in which the ck crolssed th measured. The probability 
of a weld failure was determined to be approximately 6.5 percent for the 
hollow balls, One failure, out of a total of ten, occurring in 
the wela would therefore, not be unexpected. 
Ex tion of the microstructure of the weld indicates very little 
difference between it and that of the parent material. A hardness variation 
n 1 point Rockwell C between the weld and parent material 
indicated very good control during the manufacturing process. 
1t is concluded that for these hollow balls,. the weld zone material is 
not significantly weaker in rolling-element fatigue than the solid parent 
material e 
Eleven-sixteenths-inch diameter hollow balls. A group of seven 11/16- 
inch diameter AIS1 M-50 CVM steel hollow balls were also tested as upper 
balls in the five-ball fatigue tester. The wall thickness was 0.060 inch 
(weight reduction of 56.5 percent). The results of these were Plotted on 
Weibull coorainates as shown in figure 13. For comparison, data for AIS1 
-50 steel solid balls from -was adjusted for similarity of test 
conditions and plotted in figure 13. 
lower for the hollow b 1s than for the solid balls. 
The fatigue lives are obviously much 
e seven hollow balls were electropolished to determine the orientation 
of the weld, On each of s failed balls, the running track crossed the 
weld. The fatigue sp l on five of these six balls was 
directly on the weld. 
the weld area. 
e spd.1 on the other ball was clearly away from 
The running track on the seventh ball did not cross the 
weld. This ball h 
cycles) running time, 
igue spell after 300 hours (530 million stress 
r( 
12 
eent t o  the weld were 
ck. Xn each ball, a 5 . 
e& and connectedl t h e  outside 
eurf , A t y p i c a  c ck i s  shown i n  f igure  14. 
From the width, ek t.t;ern of these cracks, it was concluded 
n i t i a t ed  at  the inner surface of t h e  ba l l  and propagated t o  the 
1 that resetnbled those of c l a s s i ca l  
subsurface rol l ing-el  e.  It wa,8 a lso  concluded'that these hollow 
the fa t igue  t e s t s  h l y  f a i l ed  ih flexure due to ' a  s t r e s s  
t i on  i n  the  region of the weld, i n  the same manner as the  b a l l s  i n  
a in ,  t h e  s t r e s s  concentration appeared t o  be a t  the 215 se r i e s  bearing 
the notch formed at  the  edge of the  weld. 
1 away from the weld area was also sectioned 
le1 t o  the running track. No cracks could be seen 
This failure was connecting the spal l  and the  inner surface of the  ba l l .  
en t ly  not a r e s u l t  of f l e h r e  of t h e  w a l l ,  and most probably was 
CONCLUDIMG 
e 1/2-inch d i  ter, SAE 52100 s t e e l  hollow ba l l s ,  with an outside- 
t e r  ratto (OD/HI) of '1.67 compared s a t i s f a c t o r i l q  w i t h  s o l i d  
bal l s  i n  fatigue t e s t s ,  owever, the l l / l6-inch diameter, M-50 s t e e l  hollow 
of 1,21 did not compare very well wi th  so l id  balls 
t tha t  the balls were of different material  and 
signif icant  difference i n  the fat igue compari- 
E t  is prob l e  tha t  the OD/ID r a t i o  of 1.21 results i n  8 wall t h a t '  
1y too th in  for use as a b e w i  
The 115 series hollow' b a l l  be&ri not have any b a l l  fa i lures ,  
but showed no 
o f  shaft speeds tested.  
rked improvement over the so l id  b a l l  hearings over t h e  range 
The 215 se r i e s  hollov bedl bearings did have ba l l  
flwes, .but o themise  showed some improvement i n  operation over the  solifl 
ings. However, combination of t h e  air-oil-mist  lubricat ion 
and the temperature l imitat ion of t h e  SAE 52100 s t e e l  (hot hardness) 
e t e s t ing  of the 115 series bearings t o  moderate speeds. This 
&mas not preclude the poss ib i l i ty  t h a t  some improvement i n  operation w u l d  
be noted if the  bearing could have been operated a t  higher  shaft speeds. 
uee sf hollow ba l l s  i n  bearings could s t i l l  be advantageous at  higher 
es if the  wall thickness of t h e  balls i s  such t h a t  the flexure problem 
number of problems ex i s t  with hollow balls f o r  use i n  bearings t h a t  
e ren t  i n  the manufacture of t h e  ball.  Two signif icant  problems are: 
1) d i f f i cu l ty  i n  maintaining uniform w a l l  thickness and (2 )  controll ing 
netrat ion around the periphery of the ball. Udess  these 
&re overcome hallow bal l s  will have an unbalance and/or a s l igh t ly  
erefat akiffness a t  
could 
t h e  w&ld.  
the  l i f e  of t h e  bal l .  
Under dynamic conditions, t hesy fac to r s  
14 
d to determine the operating 
b s using hollow balls ab the rolling 
1 
1 bearings were operated 
6 1.8 x 10 DN) with thrust loads of 500 
earings used 1/2-inch diameter balls with 
d the 215 series bearings used 11/16-inch 
all thickness. 
ith the hoUow balls were compared to 
The torque and outer-race 
s with solid balls. The following results were 
llow balls failed apparently by flexure 
the inner diameter at a stress concentration 
ed through the wall, terminating in a spa11 
CQ . 
2, igue life of the 11/16-iach diameter hollow 
imum Hertz stress in a five-ball fatigue 
ives predicted from previously run 
The hollow balls from the fatigue tests 
f %n flexure, like those balls from the 215 series 
3. outer-race temperatures of the 115 
ar t  speeds up to 18 000 rpm (1.35 x 
fferent from those of the 115 series solid 
toqgUt3 ce temperature of the  215 se r i e s  
r ings were shighQ3y lower than the corresponding values' fir 
the 215 series solid b c9 over t h e  range of t e s t  conditions invest- 
ue l i f e  of t h e  1/2-inch diameter hollow b a l l s  
was not s ign i f icant ly  l e s e  t h  t h a t  obtained wi th  so l id  balls. Only one 
of 'the ten fat igue s p a 1 8  on the hollow balls occurred on a weld. 
11 
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Figure 1. - Bearing test apparatus. 
(a) Cutaway view of five-ball fatigue tester. 
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(b) Test specimen assembly. 
Figure 2 .  - Five-ball fatigue tester. 
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(a) Series 115: separable at outer race; one-piece cage construction; cage 
material, silver-plated iron-silicon-bronze. 
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(a) Outer-race temperature as funct ion of shaft speed. 
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(b) Bearing torque as function of shaft speed. 
Figure 4. - Comparison of performance data of series 
115 75-millimeter bearings using both solid and 
hollow balls. Ball diameter, 112 i n c h  (12.7 mm); 
ball material, SAE 52100 steel; bearing specifica- 
t ions given in table I. 
1728 
(b) Series 215: deep groove; two-piece machined cage construction: cage 
Figure 3. - Test bearings. 
material, AIS1 M-2 tool steel. 
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(a) Outer-race temperature as funct ion of shaf l  speed. 
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(b) Bearing torque as function of shaft speed. 
Figure 5. - Comparison of performance data of series 215 
75-millimeter bearings using both solid and hollow 
balls. Ball diameter, 11/16 i n c h  (17.5 mm); ball 
material, A I S I  M-2 for solid balls and A I S I  M-50 for 
hollow balls; t h r u s t  load, 500 pounds; bearing specifi- 
cations given in table I. 
(a) Balls from bearing 215-1-H showing external spalls. 
(b) Ball from bearing 215-3-H showing complete fracture. 
FigUre6. -Typically damaged hollow balls from 215 series bearings. 
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(a) View of external surface showing multiple spalls. 
Inside surface 
Outside 
surface 
Figure 8. - Close-up view of weld bead of ball from f igure 7(b) 
shoNing cracks on  in te rna l  surface, across weld. 
(b) View of internal  surface shaving weld. 
Figure 7. - Ball from bearing 215-1-H with r u n n i n g  track directly 
on  weld area. 
Figure 9. - Composite of photomicrographs of ball shown in figure 7 (from bearing 215-1-H) 
sectioned parallel to and through both the running track and the weld. 
\ 'L.. Weld area C - 7O-6r1O 
Figure 10. - Section view showing typical cracks between the weld area and the out\ 
side surface of the ball. Section taken parallel to and through the running track. 
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Figure 11. - Section of typical ball on which no surface spalls were 
evident, showing cracks originating at t h e  weld area. Section taken 
parallel to and through r u n n i n g  track. Ball from bearing 215-1-H. 
Figure 12. - Rolling-element fatigue l i fe of SAE 
52100 CVM steel hollow and solid balls in the 
five-ball fatigue tester. Maximum Hertz 
st.ress, 800, OOO psi; speed, 10,600 rpm; n o  
heat added; lubricant, super-refined 
naphthenic mineral oil. 
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Figure 14. -Typical section through junc t i on  of weld and r u n n i n g  track, 
showing crack connecting inside of wail w i th  spall on outer surface. 
AIS1 M-SO steel, 11116-inch (17.5 mm) diameter hollow ball; upper test 
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I I I  I I I I  bal l  in five-ball fatigue tester, 700 OOO psi maximum Hertz stress. m -  
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Figure 13. - Rolling-element fatigue l ife of A I S I  M-50 steel 
hollow and solid upper balls in five-ball fatigue tester. 
Maximum Hertz stress, 700 OOO psi; speed, 10 600 rpm; 
lubricant, naphthenic minera l  oil; n o  heat added. 
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